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This work presents temperature-dependent photoluminescence spectra for nanocrystalline 
films, cast from PbS and PbSe quantum dots with diameters ranging from 0.6 nm to 9.2 nm 
(band gaps from 0.52 eV to 1.96 eV).  Across all sizes and materials, two emission peaks are 
observed in the photoluminescence spectra.  A low-energy peak dominates at low temperatures, 
and a high-energy peak dominates at high temperatures.  No materials-dependent effects are 
noted, but the spectral behavior is a strong function of nanocrystal band gap.  Intensity trends, 
the spacing of the two emission peaks, and the shift of peak emission energy with temperature 
are all affected by band gap changes.  Results are suggestive of a scenario in which one emission 
peak is due to a fixed-energy trap state.  The impact of air exposure on spectral behavior is also 
considered, and likely explains many previous inconsistencies between similar studies.  High-
temperature emission is strongly quenched by exposure to oxygen, with quenching effects 
beginning within seconds of exposure.  Low-temperature emission is largely unaffected by short-
term air exposure.  These results are modeled with the introduction of a dark trap state whose 
concentration grows as air exposure increases. 
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CHAPTER 1: 
INTRODUCTION 
 
Nanocrystalline lead chalcogenides (PbX: PbS, PbSe, and PbTe) are of great interest for 
third-generation photovoltaics
1
 and for near-infrared light-emitting applications.
2
   When cast 
into close-packed films, PbS and PbSe nanocrystals (NCs) have been shown to exhibit 
reasonably high electron and hole mobilities,
3
 which, when combined with efficient 
panchromatic light harvesting, leads to remarkable efficiencies, > 5%.
4
   
Despite this, the fundamental photophysics and modes of transport in films of coupled 
PbX NCs are still not entirely known. Since many different photovoltaic and 
photoelectrochemical configurations would benefit from faster and more efficient transport than 
has been currently achieved, a thorough understanding of the exciton and charge carrier 
dynamics in NC solids is essential.  This understanding is hindered by the fact that strongly 
quantum-confined NCs contain a large number of surface atoms relative to bulk, and thus the 
influence of the NC surfaces cannot be neglected. 
Lattice termination at these surfaces leads to dangling bonds, which, if imperfectly 
passivated, can result in the trapping of charge carriers at the surface.  The number of these 
potential trapping sites is size-dependent (among other factors), due to the simple size-
dependence of the surface atom to bulk atom ratio in spherical NCs as well as to more complex 
considerations.  Typical “spherical” NCs are only quasi-spherical at best.  One study showed that 
PbSe NC surfaces are formed by 6 {100} and 8 {111} crystal planes; because the different 
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planes have differing growth rates, their relative areas are a strong function of NC size.
5
  The 
relative proportions of the two differently-packed surfaces could have an impact on the number 
of lattice termination sites as well as their character.  The same work showed that the {100} 
planes are both Pb- and Se-terminated, whereas the {111} planes are entirely terminated by only 
Pb or Se atoms.
5
  Further work has demonstrated that PbSe NCs synthesized by conventional 
methods are inherently nonstoichiometric, with the degree of nonstoichiometry dependent on 
size, as well as observing that PbSe NC surfaces may be entirely terminated by a Pb shell.
6
 
Regardless of the number or nature of these termination and potential trapping sites, 
inorganic or organic passivants have been shown to significantly reduce fast nonradiative decay 
of excited states.  Even in nanocrystalline systems that exhibit a high luminescence quantum 
yield (such as CdSe/ZnS), defects play an important role in relaxation dynamics.
7
  In lead 
chalcogenide NCs, surface trapping has not been measured systematically, but has nonetheless 
been invoked for explaining varying photophysical and electrical behavior.
3
  Particularly 
important are recent investigations that endeavor to quantitatively measure multiple exciton 
generation (MEG) through spectroscopy.
8
  In many cases, NCs can be excited and quickly 
undergo a “charging” process by which one charge carrier is trapped at the surface for a long 
period of time.  This results in the formation of a trion after absorption of the subsequent laser 
pulse, leading to complicated transient absorption kinetics from which MEG yields must be 
unraveled.
9-10
   Although most recent investigations have been performed on NCs in solution, 
trapping also occurs (possibly more prominently) in close-packed arrays of NCs, which are the 
architectures most useful for photovoltaic devices.
1
  As in solution measurements, an accurate 
measure of MEG yields in films treated under various conditions must take into account the role 
that trapping at the NC surface may play.  In addition to this charging effect, several transport-
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related effects in films are attributed to the presence of trap states: conduction mechanisms
11
 (i.e. 
bulk transport vs. surface hopping), photoconductive gain,
12
 and doping.
13
  
This work attempts to shed light on some of these processes using temperature-
dependent, steady-state photoluminescence (PL) measurements.  Varying the experiment 
temperature allows some control of thermal state population.  Previously, PL measurements have 
often been used to characterize the fundamental excitations in many types of semiconductor 
NCs.  The information gained from PL studies can include both the radiative and nonradiative 
lifetimes, as well as the Stokes shift and information about the involvement of trap states.  In the 
most commonly studied NC system, CdSe, emission can be enhanced by passivating the surface 
with an organic or inorganic shell, leading to high PL quantum yields but still non-negligible 
trapping.
7
  The situation in the near-infrared emitting lead chalcogenide NC system, however, 
appears more complex.  An increasingly large body of literature is forming on the topic of lead 
chalcogenide NC excited state dynamics, including reports that suggest the influence of fine 
structure states,
14,15
 surface states,
16
 Franck-Condon effects,
17
 and surface ligand phase 
transitions.
18
  Although prior measurements of near-unity room temperature PL quantum yields 
have suggested that traps play a minimal role in emission dynamics in high-quality PbSe NCs, 
those measurements may have overestimated the true emission yield.
19
  Trap emission, most 
often detectable by its slow decay in transient PL experiments, can also be obscured by the 
already very slow radiative decay time of PbX
20
 and the combination of narrow band gap and 
inhomogeneous and homogeneous line broadening.
21
  
Previous reports have suggested that strongly temperature-dependent emission in PbX 
NCs could be due to splitting between dark and bright states within the lowest exciton band, in 
analogy with CdSe where dark and bright states are split primarily by the exchange interaction.
22
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It is important to note that “dark” and “bright” are not to be taken for their usual meaning in this 
case, since in general they are highly mixed in character (there is a large spin-orbit coupling) and 
may not have vastly different oscillator strengths for transitioning to the ground state.  Both the 
exchange interaction and intervalley coupling are likely to be sources of splitting for PbX,
23,24
 
but the more complex band structure and the influence of dielectric screening have led to 
considerable uncertainties in how large splitting should be.  Theoretical estimates of splitting 
between “dark” and “bright” states range from a few meV to a few tens of meV.25  A recent 
experimental investigation has suggested that these calculations largely overestimate the 
splitting, and that the two lowest optically active states are separated by no more than 1 meV.
26
 
The shift in the band gap of nanocrystalline PbSe and PbS as a function of temperature has been 
the subject of several experimental studies. When measured directly by absorption
27
 and over a 
significant temperature range, the coefficient of band gap shift α for PbSe is found to increase 
with increasing NC size roughly linearly, ranging from 140 µeV/K for 0.5 eV band gap NCs to -
50 µeV/K for band gap > 1.5 eV.  The trend observed in α for PbS is similar, though α appears to 
be approximately a factor of two larger. However, in studies utilizing only PL to determine the 
shift,
14
  the values of α are quite different, up to 520 µeV/K.  Due to the complicated emission 
dynamics, the analysis of band gap shift by measuring the PL alone appears specious; instead, a 
mechanism for exciton relaxation among sub-band gap states should be considered. 
Even beyond the already-noted complications, recent investigations of PbSe and PbS 
NCs have either intentionally or unintentionally exposed the effect that oxidation may have on 
PL.  There are many studies describing photophysical phenomena in NCs for which the level of 
air exposure (either in the dark or under excitation) was not specifically reported, and differences 
in sample handling can likely account for some of the variation in observed behavior.  Since 
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even momentary air exposure affects photophysical behavior, we cannot evaluate results for 
which the exposure is unknown.  In a more controlled study of air exposure, Sykora et al.
28
 
observed an initial, reversible decrease in room temperature PL intensity upon allowing PbSe NC 
solution samples to equilibrate in air over hours, correlated with a small blue shift in the first 
exciton absorption.  Long-term (days) oxidation produced a large decrease in effective NC radius 
and (usually) an increase in PL quantum yield, consistent with the universal band gap 
dependence of PL.  A considerable sensitivity of the PL behavior to NC synthesis conditions was 
also noted.  Moreels et al.
5
 showed that exposing PbSe NCs to air in solution causes Pb-oleate to 
be removed from the surface, although it remains unclear whether an oxidation product or simply 
an unpassivated surface remains behind.  Other investigations have observed significant 
oxidation from long-term air exposure and have assigned oxidation products to particular 
species, including oxides, selenates, and selenites.
29
  Electrical measurements have also noted the 
extreme sensitivity of transport properties to air exposure, even on timescales for which it is 
unlikely that a true oxidation products could accumulate.
30
  Finally, Raman measurements of 
PbS and PbSe have demonstrated the lack of any intrinsic NC bands except after photo-
oxidation.
31
  Again, an extreme sensitivity to sample synthesis was noted.  From a practical 
standpoint, the degree of oxidation in a NC film is likely to affect both the trap density and its 
energy with respect to the conduction or valence band.  The determination of these parameters is 
necessary for a true kinetic picture of the fundamental relaxation pathways following 
photoexcitation, which can be applied toward controlling behavior in particular applications such 
as photovoltaics or photodetectors. 
While previous investigations have uncovered many of the important features of PbS and 
PbSe NC luminescence, the motivation for this work is to take a comprehensive look at the 
6 
 
excitations in films of close-packed but untreated NC films using temperature, NC material, size, 
and air exposure as experimental parameters.   Because of the interplay between quantum size 
effects and surface chemistry, the possible role of emissive trap states in the relaxation dynamics 
is complicated and demands a study which considers multiple experimental variables.   
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CHAPTER 2: 
EXPERIMENTAL PROCEDURES 
 
A. NANOCRYSTAL SYNTHESIS AND SAMPLE PREPARATION 
Oleate-capped PbS and PbSe NCs were synthesized in-house by Barbara Hughes and 
Joey Luther according to conventional air-free procedures.
1,2,3
   Briefly, to synthesize PbSe, PbO 
and oleic acid were combined with octadecene (ODE) in a three-neck flask and heated to 180° C 
to form the precursor solution.  A solution of selenium in trioctylphosphine (TOP-Se), combined 
with diphenylphosphine, was injected to initiate NC growth.  The reaction was then quenched in 
a water bath and diluted with hexane to stop growth, once NCs had reached the desired size.  PbS 
synthesis was similar; bis (trimethylsilyl) sulfide (TMS) was substituted for TOP-Se.  NCs were 
purified three times by precipitation with ethanol/hexane solution, and stored in a glove box 
either as a powder or in hexane solution. 
A range of NC sizes were prepared in both materials.  Table 2.1 lists the NC samples 
used with their sizes and band gaps.  NC size was determined using the standard practice of 
correlating the first exciton energy (effectively, the NC band gap), measured via a sample’s 
absorption spectrum, with an accepted sizing curve.
4
 
Optical measurements were recorded for both NC solutions and untreated NC films.  The 
majority of measurements were made using films, so as to better correlate with device studies; 
films also allowed for straightforward control of oxygen exposure during oxidation experiments. 
8 
 
For solution measurements, NC in powder form was added to the glass-forming solvent 
2,2,4,4,6,8,8-heptamethylnonane (HMN).  HMN is commonly used for temperature-dependent 
measurements of PbSe and PbS NCs because it both solubilizes these NCs (mild agitation of the 
solution results in a colloidal suspension within seconds), and because it forms a stable and 
transparent glass at low temperatures.
5
 
For film measurements, films were drop cast onto sapphire substrates (glass substrates 
were used for Raman studies) from a concentrated solution of PbSe or PbS.  The solution used 
for deposition was approximately 5 mg/mL of NCs in a mixture of 4:1 hexane and octane.  This 
solvent mixture allowed for an optimal evaporation rate, ensuring uniform NC deposition on the 
substrate surface.  The resulting films were macroscopically uniform, essentially opaque at the 
PL excitation wavelength (488 nm), and were estimated to be greater than 100 nm thick.   
All sample preparation was conducted in an inert atmosphere to prevent unwanted 
oxygen exposure, and samples were transported for measurements in a sealed capsule.  Films 
were sandwiched between two sapphire substrates, spaced by a rubber gasket, and tightly 
screwed into a copper tube with a retaining ring.  While this capsule proved inadequate to 
Material NC diameter (nm) NC band gap (eV) 
PbS 1.6 1.96 
PbSe 0.6 1.68 
PbS 2.7 1.34 
PbS 3.6 1.10 
PbSe 4.3 0.87 
PbSe 5.2 0.77 
PbSe 6.0 0.69 
PbS 8.4 0.67 
PbSe 9.2 0.52 
Table 2.1: NC sizes, materials, and band gaps used in this study.  For reference, the bulk band 
gap of PbSe is 0.27 eV, and 0.37 eV for PbS.
6
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prevent oxygen exposure over a period of days, it was more than sufficient to protect samples for 
the approximately 10-minute period required to transport them from an inert-atmosphere glove 
box and load them into the optical measurement chamber.  
 
B. ABSORPTION MEASUREMENTS 
Room-temperature absorption spectra, measured for the purpose of determining NC band 
gap and extrapolating to obtain the NC diameter, were recorded on either a Shimadzu UV-Vis or 
Cary 500 spectrophotometer.  These measurements could not be conducted under vacuum, but 
were made using the sealed capsules described above, and took < 5 min to record under low-
intensity light; the threat of oxidation or photo-oxidation was minimal.  For initial determination 
of NC band gap and size, these spectra were measured in solution (either hexane or 
trichloroethelene) immediately after synthesis.  For tracking NC band gap and diameter changes 
with oxidation, these spectra were measured in films. 
 Temperature-dependent absorption spectra were conducted under vacuum (<10
-5
 torr) in 
a closed-loop He cryostat.  A 100 W tungsten filament lamp was used as a probe, mechanically 
chopped at 300 Hz.  The resulting spectra were detected with an amplified Si, Ge, or InSb 
photodiode (varying with the needed wavelength range) routed to a lock-in amplifier.  Spectra 
were corrected for monochromator and detector efficiencies using a calibrated lamp.  For each 
sample, absorption spectra were measured at a range of temperatures between 13 K and 325 K, at 
intervals of 10-30 K; spectra were always collected beginning at the lowest temperature and 
warming up to the highest.  Samples were left stationary in the optical system during 
measurement of an entire temperature range. 
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C. PHOTOLUMINESCENCE MEASUREMENTS 
PL measurements were made on the same system as temperature-dependent absorption 
measurements, using the same procedures with regard to calibration, correction, sample 
positioning, and temperature range.  Films were excited with 10-20 mW Ar-ion laser excitation 
at 488 nm.  The excitation beam was unfocused (spot size roughly 3 mm diameter) and 
mechanically chopped at 1 kHz.  
No rapid photobleaching or degradation effects were observed during PL measurements. 
In most cases, successive, repeated measurements at the same temperature produced identical 
emission spectra.  For cases where this was not true, the minor differences noted appeared to be 
attributable to slight localized heating caused by the excitation beam; the spectra returned to their 
original shape if the beam was blocked for several minutes and the sample allowed to equilibrate.  
Therefore, to minimize this effect, as well as reduce the possibility of long-term, gradual sample 
degradation, films were only exposed to the excitation beam during the collection of each PL 
spectrum, a time period ranging from 2-5 min, depending on the emission intensity of the 
sample, and the beam was blocked between successive temperatures while the sample was 
allowed to equilibrate. 
 
D. RAMAN SPECTROSCOPY MEASUREMENTS 
Raman spectroscopy measurements were performed on 6.0 nm PbSe and 8.4 nm PbS 
films prepared as described above.  After the preparation of a particular film, the glass slide 
covered with the NC film was split into two pieces.  One piece was brought into ambient 
conditions with no protection against atmospheric exposure, while the other piece was sealed 
inside an airtight optical cell for all Raman measurements.  The cells used were similar, though 
11 
 
not identical, to those used for PL studies.  Raman measurements could not be conducted under 
vacuum, and so a more robust seal was needed.  The cell used in this case consisted of a metal 
capsule with sapphire windows; a copper gasket served to create a tight metal-to-metal seal. 
Raman spectra were measured using focused (spot size roughly 200 µm in diameter) Ar-
ion laser excitation in a backscattering configuration.  The excitation wavelength was 488 nm, 
and excitation power was approximately 20 mW.  The spectroscopic measurements themselves 
were performed by Jeff Blackburn. 
 
E. OXIDATION AND OXIDATION-REVERSAL PROCEDURES 
Oxidation experiments were only performed on films, for the most straightforward 
control of oxygen exposure.  In these experiments, films were exposed to ambient atmosphere in 
the dark for durations ranging from 1 min to 63 hrs.  After air exposure, films were flushed with 
He and maintained in the absence of oxygen thereafter, including during illumination for 
absorption and PL measurements. 
Each film was exposed a number of times, and the cumulative air exposure recorded.  For 
each exposure, the films were removed from the optical system.  After being flushed and 
resealed against oxygen, films were returned to the optical system in their original orientation.  
Thus, each set of absorption and PL spectra for a given ambient exposure was collected from the 
same region of a film, but slight differences in position were likely between exposures, due to the 
necessity of repositioning the sample after each successive exposure. 
Several attempts were made to test the reversibility of the air exposure effect after a short 
exposure (1-3 min).  Three procedures were considered separately.  First, NC films were 
continuously flushed with He or put under vacuum for several minutes.  Second, NCs were 
12 
 
removed from the film into hexane solution, and N2 bubbled through the NC solution for 20 min.  
Third, NCs were removed from the film into hexane solution, and a slight excess of oleic acid 
was added while the mixture was heated to approximately 50
o
 C and stirred overnight in a glove 
box.  Films were then re-cast under air-free conditions, using methods already described. 
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CHAPTER 3: 
TEMPERATURE AND SIZE DEPENDENCE 
 
A comprehensive look at the temperature dependence of PL emission must involve many 
variables.  This work presents a study involving two of primary concern: NC material (PbS and 
PbSe) and NC size (0.6 nm to 9.2 nm in diameter).  Results and trends are presented, and the 
implications for NC emission dynamics are discussed. 
 
A. OVERVIEW OF TEMPERATURE-DEPENDENT TRENDS AND FITTING 
The PL emission spectrum as a function of temperature of 5.2 nm diameter PbSe NCs in 
a dilute solution (using the glass-forming solvent HMN) is shown in Figure 3.1.  There are two 
clear peaks in the emission spectrum, with a transfer of emission intensity between the two bands 
as temperature increases.  The data can be fitted satisfactorily with two Gaussian peaks, as 
demonstrated by the excellent agreement between fit (solid lines) and data (symbols) in Figure 
3.1A.  The integrated intensity IPL vs. T is shown in the inset of Figure 3.1A, while the peak 
center E and width Γof emission bands vs. temperature are shown in Figures 3.1B and 3.1C, 
respectively.  The opposing trends of IPL for the two bands A and B clearly demonstrate the flow 
of population as temperature increases. 
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Figure 3.1:  (A). Photoluminescence data (symbols) vs. T for 5.2 nm PbSe NCs in a solution 
of HMN.  Solid lines indicate fits to a two-Gaussian function.  Inset:  Integrated intensity of 
each PL band vs. T. (B) Peak energy of each PL band and lowest exciton absorption.  Dotted 
line is a Varshni fit describing the band gap shift with T.  (C) Gaussian width of each band vs. 
T.  Note that for some regions in (B) and (C), the errors are obscured by the marker size (see 
text). 
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The center of PL emission shifts with temperature according to two effects:  the expected 
band gap shift, and population transfer between the two bands.  The temperature-dependence of 
the band gap is typically modeled empirically using the Varshni equation,
1,2
 in analogy with bulk 
materials: 
 
Eg
0
 represents the band gap at zero temperature, while α and β are the coefficient of band gap 
shift (essentially, the slope dEg/dT at high temperature) and the rough Debye temperature, 
respectively. The blue triangles in Figure 3.1B show that the absorption shift with temperature, 
measured on the same film, matches EB(T) only at higher temperatures where population has 
already been almost fully transferred from A.  EA(T) increases initially due to the band gap shift 
but becomes independent of T above 150 K, due to the energy-dependent transfer of population 
to B, which masks any further true shift in EA.   
The band widths can also be modeled empirically:
2
 
 
Γinh is an inhomogeneous broadening parameter, and ΓLO describes the coupling to the LO 
phonon, while ELO is its energy.  The parameter σ describes coupling to acoustic phonons.  No 
LO phonon is observed in the Raman spectrum of PbS or PbSe NC films
3
 to guide the fitting.  
Nonetheless, ΓB(T)  qualitatively matches this trend above 150 K, suggesting that coupling to 
acoustic and/or optical phonons is the mechanism of broadening.  Below 150 K, the low signal 
from B makes ΓB somewhat uncertain, but ΓA(T) exhibits a typical phonon coupling trend in the 
same temperature range.   
16 
 
Overall, temperature-dependent trends in the properties of A and B roughly fit with 
expectations, but only in their respective regions of dominance; at intermediate temperatures, 
behavior is muddied by the effects of the transition between the two bands.  Because of this 
transition, the parameters EA, EB, ΓA and ΓB extracted from the fits are not always perfectly 
representative of the two emission bands.  To some extent, this fact is captured by the standard 
deviations of these parameters (the errors reported in Figure 3.1), but the estimated error in these 
parameters tends to be more reflective of the degree of a band’s contribution to the spectrum, and 
less reflective of uncertainties associated with population transfer in the intermediate temperature 
region. 
 Emission spectra from the same NCs drop-cast into a film are very similar to those 
observed in solution.  These results are shown in Figure 3.2.  Because of the broadening of the 
bands in films, likely due to a disordered environment
4
, the two bands are less clear, and it is 
more difficult to arrive at a unique fit to two Gaussian bands across the entire temperature range 
(the note above about fit errors applies particularly strongly here).  Beyond this complication and 
a slight dielectric shift of the band centers, the position of the emission bands E(T) and their 
integrated intensity exhibit the same trends.  For the sake of eventual correlation with other 
studies conducted in films and devices, as well as for straightforward control of air exposure in 
later oxidation studies (see Chapter 4), we have chosen to focus on films despite the minor 
disadvantages. 
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Figure 3.2: (A) Photoluminescence data (symbols) vs. T for 5.2 nm PbSe NCs drop-cast into 
a film.  Solid lines indicate fits to a Gaussian (T < 80 K) or two-Gaussian (T ≥ 80 K) function.  
Inset:  Integrated intensity of each PL band (A and B) vs. T. (B) Peak energy of each PL band 
and lowest exciton absorption.  (C) Gaussian width of each band vs. T.  Note that for some 
regions in (B) and (C), the errors are obscured by the marker size (see text). 
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Figure 3.3: Normalized photoluminescence spectra for (A) PbS NC films at 15 K.  (B) PbS 
NC films at 300 K.  (C) PbSe NC films at 15 K.  (D) PbSe NC films at 300 K.  Note that 
because no PL emission was detectable at 15 K for 9.2 nm PbSe NCs, the spectrum shown 
(marked with *) was recorded at 80 K. 
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B. QUALITATIVE DEPENDENCE ON NANOCRYSTAL DIAMETER 
Figure 3.3 displays corrected PL spectra at 15 K and 300 K for all film samples.  There is 
a clear increase in line width as NC diameter decreases, due to both an increase in NC size 
distribution and an increased separation between the two emission peaks. 
As with the 5.2 nm PbSe samples discussed in the preceding section, the temperature 
dependence of the band gap across the entire size and material range considered was found to be 
nearly linear at higher temperatures ( > 60 K), in rough agreement with the Varshni model 
described above, which predicts a nonlinear dependence only at low temperature.  This 
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observation, as well as the overall trend of increasing dEg/dT with increasing NC diameter, is in 
agreement with earlier reports.
5
 
PL spectra across the full temperature range are shown in Figure 3.4 for several 
representative samples.  The behavior of PbS and PbSe samples is qualitatively similar.  In both 
materials, dramatic changes occur as NC diameter is varied.  In the smallest sizes (Figure 
3.4A,B), two distinct emission peaks are clearly visible across the entire temperature range, and 
the spectra are best fitted with two Gaussian peaks.  In this range, the band gap is only weakly 
dependent on temperature, and so the shift in emission peak is almost entirely due to population 
transfer.  The PL intensity is greatest at low temperature, and consistently decreases as 
temperature increases. 
At intermediate sizes (Figure 3.4C,D), the two emission peaks are less distinct, and their 
existence only becomes apparent during fitting; a single Gaussian fit looks appropriate at first 
glance, but is unable to adequately represent the PL spectra.  The band gap is more strongly 
temperature-dependent in this range, and the shift in emission peak is due to both this 
dependence and population transfer.  In this transitional size range, PL intensity trends vary.  At 
the smaller end of this range, PL intensity follows the same trends observed in the small-
diameter regime (Figure 3.4C,D).  At the larger end of the intermediate range, however, PL 
intensity first decreases and then increases with increasing temperature (Figure 3.2A).  Some 
intermediate-diameter samples display a nearly constant PL intensity at certain energies, for a 
limited range of temperature, in analogy with an isosbestic point often reported in absorption 
spectroscopy for two inter-converting species.  An example can be noted near 1.2 eV in Figure 
3.4C.  Because the observation of an isosbestic point requires that the shift in band gap is 
considerably smaller than the separation between emission peaks, and that the overall yield of 
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emission is not too strongly temperature-dependent, an isosbestic point only appears in a few 
samples. 
In the largest-diameter samples (Figure 3.4E,F), the two emission peaks are distinct once 
more, and population transfer between them is readily apparent.  The band gap is quite strongly 
temperature-dependent, and is responsible for a large portion of the shift in emission peak with 
temperature.  Here, the PL intensity trends are exactly opposite to those observed in small-
diameter NCs, with the greatest intensity occurring at room temperature and the lowest at low 
temperatures.  The low-temperature PL intensity is negligibly small for the largest sample (9.2 
nm diameter PbSe).  Once again, all spectra in this range are best fitted with two Gaussian peaks. 
 
21 
 
  
 
Figure 3.4: Temperature-dependent photoluminescence spectra for films cast from (A) 1.6 
nm PbS, (B) 0.6 nm PbSe, (C) 2.7 nm PbS, (D) 3.2 nm Pbse, (E) 8.4 nm PbS, (F) 9.2 nm 
PbSe.  The spectra in (F) are distorted by the absorbance from Pb-oleate, represented by the 
dashed black line.  Note that energy scales vary between each plot. 
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C. POTENTIAL MODELS 
The nature of the two emission peaks is not immediately apparent from the PL and 
absorption spectra.  There are three key observations to explain, beyond the simple existence of 
two bands:  
 the low-energy state dominance at low temperature and high-energy state dominance at 
high temperature and effects of thermal activation, 
 the narrowing of the energy spacing between the two states with increasing NC size 
(decreasing band gap), and 
 the changes in intensity trends as a function of temperature. 
These observations could be attributable to several causes, and may depend on a combination of 
size- and band-gap-dependent effects.  Intensity trends for PbSe NCs are plotted in Figure 3.5; 
PbS spectra produce similar results. 
 A simplistic sketch of the size-dependent energy levels of a lead chalcogenide NC 
material is shown in Figure 3.6.  The effective band gap narrows with increasing NC size (left to 
right), as quantum confinement is reduced.  Potential dark-bright splitting of the first exciton 
transition is represented as symmetric two-fold splitting of the conduction and valence bands, 
though the true nature of this splitting may be different.  Two main surface trap states are likely 
to exist: a donor state due to Pb dangling bonds, and an acceptor state due to Se dangling bonds.  
It is possible that one or more of these fixed-energy states crosses the conduction or valence band 
at some critical NC size; the atomic-like energy levels of semiconductor NCs permit above- or 
below-gap trap states. 
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Figure 3.5:  Relative integrated PL intensity (normalized to maximum intensity) vs. 
temperature for 5 PbSe samples of differing diameter.  (A) 0.6 nm.  (B) 4.3 nm.  (C) 5.2 nm.  
(D) 6.0 nm.  (E) 9.2 nm.  Lines are guides for the eye. 
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Figure 3.6:  Simplistic sketch of energy levels near the first-exciton transition in PbX, 
dependent on NC size.  The conduction band (CB) and valence band (VB) may be split into 
various dark/bright exciton transitions.  Fixed-energy donor (d) and acceptor (a) trap levels 
would be attributable to Pb and Se dangling bonds, respectively.  The concentration of these 
two trap states is size-dependent: there are relatively fewer donor states and relatively more 
acceptor states with increasing NC size. A potential crossing point of the CB and donor states 
is represented, but either (or both) situations are possible.  A similar VB/acceptor state 
crossing is shown in the inset. 
CB
VB
d
a
increasing NC size
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 In considering the size-dependence of PL behavior and the levels sketched in Figure 3.6, 
it is important to clarify the slight difference between effects that are implicitly and explicitly 
dependent on NC size.  Through confinement, the NC band gap is dependent on size, and 
therefore band-gap-dependent issues – the relative energy spacing of the conduction/valence 
bands and donor/acceptor trap levels – are implicitly dependent on size.  The nature of NC 
surfaces also varies with size (as discussed in Chapter 1), and hence the concentration of 
donor/acceptor trap levels will depend explicitly on NC size.  Explicitly size-dependent effects 
are directly comparable between PbS and PbSe samples, but implicitly size-dependent effects are 
not.  A discussion of relative trap concentrations is likely to be applicable to any PbX NCs of a 
given diameter, but the different band gap size-dependence between different materials means 
that a discussion of relative energy level spacings must be framed in terms of band gap and not 
diameter if different materials are to be compared. 
 Previous reports have typically attributed the temperature dependence of PbX PL 
behavior to the dark-bright exciton splitting.
2
   While this would explain the existence of two 
emitting states (given sufficient state mixing), thermal activation into the higher-lying state, and 
the fact that the energy spacing between the two states is band-gap-dependent, the degree of this 
splitting appears to be much smaller than the energy spacing observed here.  The overall trend of 
narrowing dark-bright splitting with increasing band gap is the same as the narrowing separation 
observed here, but even for the largest NCs in this study, the magnitude of the spacing that must 
be accounted for is on the order of tens of meV, whereas a recent report of dark-bright splitting 
indicates dark-bright splitting is < 1 meV for a similar size range.
5
   
Dark-bright splitting also fails to account for the variations in temperature-dependent 
intensity trends (Figure 3.5) with NC size, particularly the quenching of low-temperature PL in 
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the largest-diameter samples.  The narrowing of the band gap with increasing size – and the 
corresponding increase in coupling to phonons and other nonradiative effects – could account for 
an overall reduction in PL intensity, but cannot account for the quenching of only low-
temperature emission.  Dark-bright splitting may contribute to the temperature- and size-
dependent changes in PL noted here, but it does not appear to be the primary driver of the 
observed effects.  
 A more plausible explanation may be that one emission band is due to band-to-band 
emission, while the other is due to radiative decay from a fixed-energy trap state to the band.  
Such a scenario was recently observed in ZnO NCs.
6
  The fixed-energy trap model could 
potentially account for the magnitude of the spacing between the two emission bands, though 
there are currently no observational or theoretical studies addressing the relative positions of 
these states in PbX NCs, and so this is unknown.  This model may also account for the varying 
intensity trends, because varying trap concentration and the potential band-crossing situation 
illustrated in Figure 3.6 offer quenching effects that “turn on” at a certain size or band gap, and 
both would preferentially affect one of the two emission bands. 
 There are two primary fixed-energy trap situations: recombination between the donor 
state and the valence band, and recombination between the acceptor state and the conduction 
band.  In the ZnO study mentioned above,
6
 an identification could be clearly made by exploiting 
the asymmetry of the conduction and valence bands, and the wide splitting between the UV and 
visible emission bands made temperature-dependent studies unnecessary for distinguishing the 
two bands.  However, in PbX materials, the bands are effectively symmetric, and the spacing is 
comparatively narrow.  Here, the temperature dependence of the PL spectra and thermal 
activation into the higher-lying state must be considered. 
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 In many materials, the concentration of trap states relative to band states is low, and it is 
fairly easy to saturate the trap states.  In the case of donor-valence band emission, the donor state 
would quickly become filled at low temperatures, and population would also begin to occupy the 
conduction band.  Therefore, at low temperatures, there would be a significant contribution from 
both emission bands.  If the radiative lifetime of the trap-band emission was much longer than 
the band-band lifetime, as is typically the case, the band-band emission could actually become 
the dominant state, despite its higher energy.  At higher temperatures, the same situation would 
prevail.  In the case of acceptor-conduction band emission, the acceptor state would be empty at 
low temperatures, thereby allowing the lower-energy recombination to dominate.  However, at 
high temperatures, this state would be full, and higher-energy band-band recombination would 
dominate.  The effects of radiative lifetime would be the same.  This acceptor-conduction band 
situation was observed in InP NCs.
7
 
 In PbX NCs, these traditional assumptions about trapping and radiative recombination do 
not apply.  Several recent studies suggest that surface traps play a significant role in emission 
dynamics,
5,8
 and may be of sufficient concentration such that they are difficult to saturate.  
Lifetime measurements indicate that the intrinsic emission lifetime in PbX materials is quite 
long, on the order of microseconds,
5
 which would make it comparable to expected trap lifetimes.  
With these considerations, the donor-valence band and acceptor-conduction band scenarios 
become equivalent in terms of their response to thermal activation; both would respond like the 
acceptor-conduction band scenario described above.  However, evidence from surface chemistry 
indicates that PbX NCs are inherently Pb-rich, and that surfaces are Pb-terminated.
9
  As Pb 
dangling bonds provide a donor state, this suggests that the donor-valence band scenario is the 
more likely trap-band recombination option. 
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 Emission involving trap states could potentially account for the observed quenching of 
low-temperature photoluminescence in large NCs.  The idea of the donor state and conduction 
band crossing at a certain band gap, illustrated in Figure 3.6, could partially explain this 
behavior.  In this view, for the narrowest band gaps, the donor state may lie above the conduction 
band, and the low-energy emission dominant at low temperatures would become band-band 
recombination, while the higher-energy state would become the donor-valence band emission.  
In the narrow-gap (large-diameter) regime, the larger volume of bulk lattice in these large NCs 
means that the band states will effectively be less localized and more bulk-like.  Decreased 
localization is likely to improve phonon coupling efficiency and to reduce the overall radiative 
efficiency.  At the same time, the effective increased localization of trap states as they become 
more isolated compared to the case in the wide-gap (small-diameter) regime hinders this 
coupling process, and the trap emission efficiency would not be affected in the same way.  
However, no concrete information about size- and gap-dependent radiative lifetimes is available 
to support or discount this idea.  It is also possible that processes such as donor-acceptor pair 
recombination (radiative or nonradiative) could play a role in quenching at large NC sizes, as NC 
composition becomes more stoichiometric with increasing diameter, and so more acceptor states 
may be available. 
 An interesting consideration is the question of where such a crossing point, if it exists, 
might lie.  One way to shed light on this is to examine the temperature dependence of the two 
emission bands for a variety of sizes, and compare this to the temperature dependence of the 
absorption peak (i.e., the band-band transition).  This data is shown in Figure 3.7 for three PbSe 
NC sizes.  Paying attention especially to high temperatures, where the band gap varies roughly  
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Figure 3.7: Temperature dependence of each emission band compared to absorption , for (A) 
4.3 nm PbSe, (B) 5.2 nm PbSe, (C) 6.0 nm PbSe.  Fits are linear (partial ranges) or to the 
Varshni model (full temperature ranges). 
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linearly with temperature, we can attempt to match the temperature dependence of one emission 
band with the band gap temperature dependence.  The trap-related state would not be expected to  
follow the same temperature dependence, due to the different impact of lattice dilation and 
phonon coupling for localized states.  In Figure 3.7, we see that the agreement is fairly good 
between the high-energy emission and band gap for 4.3 and 5.2 nm PbSe, but that for 6.0 nm 
PbSe, the better agreement is between the low-energy emission and the band gap.  This would 
place the crossing point between 5.2 nm and 6.0 nm diameter PbSe, or in terms of band gap 
energy, between 0.69 eV and 0.77 eV. 
 Despite the circumstantial evidence supporting a donor-valence band recombination 
model, a more comprehensive analysis is needed.  This will be the subject of a forthcoming 
paper. 
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CHAPTER 4: 
OXIDATION EFFECTS 
 
Comparing the previous chapter’s results to earlier published temperature-dependent PL 
studies,
1,2
 there are striking differences.  Most notably, few publications report the same intensity 
trends that we observe, and most use a single Gaussian curve to represent their spectra.  
Motivated by a need to understand this, we considered differences in sample handling – 
specifically, air exposure – and the impact these differences might have on PL behavior.  Here, 
the results of a systematic study of PbSe NC films exposed to atmosphere under controlled 
conditions are presented, and the changes that occur after this exposure are discussed. 
 
A. PHOTOLUMINESCENCE AND ABSORPTION SPECTRAL BEHAVIOR 
We observe a clear difference in the temperature dependence of the PL spectrum between 
a pristine NC film (Figure 4.1A) and one exposed to atmosphere (Figure 4.1B,C).  At higher 
temperatures (> 150 K), emission is strongly quenched after O2 exposure.  The trend in PL 
intensity, IPL(T), changes from having a minimum near 150 K to exhibiting a continuous 
decrease with increasing temperature.  This effect begins to appear after less than 1 min of 
exposure to atmosphere.  Further quenching occurs as exposure time is increased, but the 
changes are most pronounced on a short time scale; the difference in intensity behavior between 
an air-free film and one exposed for 1 min is far more evident than the difference between a film 
exposed for 1 min and one exposed for several hours.  Additional changes, including blue-
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shifting of the emission peaks and quenching 
of low-temperature emission can be 
observed over the course of days. 
The air-free PL spectra are best fit using two 
Gaussian bands, as discussed previously 
(Chapter 3).  This is also true for spectra 
after short air exposures.  However, the 
improvement upon including a second 
Gaussian peak is smaller for fits of the 
oxidized sample PL spectra, and this 
improvement grows even smaller as the 
exposure time is increased. 
To correlate atmospheric exposure with the 
growth of an oxide layer and corresponding 
changes in NC size, the absorption spectra were measured at room temperature for each exposure 
time ∆t (Figure 4.2A).  Despite the dramatic PL changes, the difference in NC radius between an 
air-free film and a film exposed for up to 1 hr is less than 0.4 Å, as determined from absorption 
shifts and a PbSe NC sizing curve.
3
 Using the crude assumption that the formation of oxidation 
products corresponds exactly to the reduction in size of the PbSe core (sketched in Figure 4.2B), 
this corresponds to the growth of less than 1/20 of an oxide monolayer.   
Figure 4.1:  (A-C) PL spectra vs. T of 5.2 nm 
PbSe NCs drop-cast into a film for three air 
exposure durations. 
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 Exposure time 
(hr) 
Energy peak 
(eV) 
Apparent NC 
diameter (nm) 
Estimated oxide 
monolayers 
0 0.761 5.29 0 
1 0.760 5.30 0 
12 0.780 5.10 0.1 
39 0.797 4.94 0.2 
Table 4.1:  Data extracted from the absorbance spectra shown in Figure 4.2B. 
Figure 4.2: (A) Absorption spectra at room temperature of 5.2 nm PbSe NCs drop-cast into a 
film for four air exposure durations.  (B) Sketch showing the assumed simplistic model of 
oxide growth, where reductions in NC diameter (observed as first-exciton energy blue shift) 
are assumed to be directly correlated with oxide formation. (C) Absorption spectra vs. T for a 
pristine film of the same material. 
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By the same token, even after 63 hr of exposure, there is only about 1/3 of a monolayer of oxide 
formed.  The apparent diameter changes and assumed oxide thickness extracted from the room-
temperature absorption spectra are listed in Table 4.1. 
Temperature-dependent absorption spectra were also measured for several atmospheric 
exposure times, and follow the same trends previously discussed (Chapter 3).  The temperature-
dependent absorption spectra before air exposure are shown in Figure 4.2C.  After air exposure, 
the absorption spectra blue-shift with increasing ∆t, as in the room-temperature observations.  
This shift is consistent across the entire temperature range.  No other oxidation-dependent 
changes are noted. 
 As another method to evaluate the growth of oxide products with atmospheric exposure, 
we measured the Raman spectra of both pristine and air-exposed NC films, under both air-free 
and ambient conditions (Figure 4.3A).  Under air-free conditions, any oxidation products  
remained below the Raman sensitivity limit, even after weeks of air exposure.  However, 
measuring under ambient conditions – and hence, allowing photo-oxidation to occur – several 
oxygen-related peaks grew in rapidly (Figure 4.3B).  Unfortunately, differences in the 
experimental conditions possible in our Raman and PL observations make it impossible to 
satisfactorily measure Raman peaks after dark atmospheric exposure, or to measure the PL 
spectra after the same degree of photo-oxidation.  It is unclear if the same oxidation products 
form under dark oxidation and photo-oxidation.  These results are reported more fully in a recent 
publication.
4
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Figure 4.3: (A) Raman spectra of pristine and photo-oxidized 6.0 nm 
PbSe NC films.  (B) Time-dependent Raman spectra, which show that 
photo-oxidation occurs within seconds.  Reproduced from reference 4. 
 
A
B
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B. IRREVERSIBILITY OF OXIDATION EFFECTS 
 The minimal changes in the absorption spectra, the fact that we were unable to detect any 
oxidation products formed in the dark using Raman spectroscopy, and the reported reversibility 
of early oxidation PL changes measured in solution
5
 all suggested that the effects discussed 
above might also be reversible.  Several different methods were used to attempt to reverse 
oxidation effects, described in Chapter 2.  No method was able to restore the temperature-
dependent PL to its pre-exposure behavior. 
 The fact that the films showed irreversible PL quenching at high temperatures following 
air exposure suggests that the initial reaction does form an oxidation product at a sub-monolayer 
level.  Even hundredths of a monolayer may represent several oxide or selenate defects per NC, 
which, given the appropriate energetics, could be expected to influence excited state relaxation. 
The difference in reversibility between NCs in films and in solution is likely due to a difference 
in reaction kinetics. In liquid media, the rate of oxygen dissolution and transport will slow the 
overall oxidation process when compared with the direct contact with ambient air afforded by a 
film.  Moreover, in solution the Pb-oleate capping process is dynamic, and an equilibrium forms 
between free and bound ligands.
6
  The introduction of oxygen into solution can cause the 
equilibrium to temporarily shift toward more free Pb-oleate and a less passivated NC surface, 
without significant oxidation products forming.  As long as free Pb-oleate is available to bind 
again to the surface, the equilibrium can shift back when the solution is degassed.  In films, low 
ligand mobility means that no such equilibrium can form, and attack of the NC surface by 
oxygen appears to proceed irreversibly. 
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C.  A MODEL FOR PHOTOLUMINESCENCE QUENCHING 
The behavior of the two emitting states has already been discussed (Chapter 3).  Here, we 
take their existence as a given, an develop a model to describe the normalized IPL(T) curves 
(Figure 4.4A), based on a model commonly used for CdTe nanocrystals.
7
  We assume that the 
two emitting population centers A and B are in thermal equilibrium with each other and that the 
population shifts according the temperature dependence of the equilibrium.  The two states have 
distinct radiative and nonradiative decay rates, which leads to different probabilities of emission 
from each state; in some cases IB(T) increases above that of IA(T) due to a higher quantum 
efficiency of emission from state B.  We assume that the primary relaxation modes for state A 
are radiative recombination, reversible transfer to state B, nonradiative decay through phonon 
interactions, and thermally activated nonradiative decay through an oxygen-related dark state Y.  
Similarly, the primary relaxation 
channels for B are assumed to be 
radiative recombination, reversible 
decay to A, and thermally activated 
decay through dark state X.  Note 
that states A and B may both access 
the same dark trap state with different 
activation energies Ea2 (X) and Ea1 
(Y), depending on the spatial 
localization of A and B 
wavefunctions and the chemical 
nature of the trap.  For the sake of 
Figure 4.4: (A) Integrated PL intensity vs. T 
(symbols) for several exposure times and fits to Eq 1 
(lines).  Data are offset vertically for clarity. (B) 
Suggested model of PL decay involving bright states A 
and B and dark trap state X. The diagram is drawn for 
electron trapping, but our data are equally supportive 
of electron or hole trapping. 
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modeling, however, the possibility of different activation energies makes it more straightforward 
to treat X and Y as separate states.  An energy level diagram describing this model is shown in 
Figure 4.4B. 
If transfer between states A and B occurs more rapidly than decay to the ground state, an 
equilibrium between the two states will form: B A, with equilibrium constant K = [A]/[B].  The 
temperature dependence of the equilibrium constant is expected to follow the usual form:  K = a 
Exp[-∆G/kT].  The populations of A and B then follow: K/(1 + K) = 1/(1+ a Exp[∆G/kT]), while 
the population of B is 1-[A].  At low temperature, the population of A is near unity.  a is a 
statistical weighting factor that represents the ratio of effective densities of states for A vs. B.  
∆G, the energy separation between states A and B, is negative here, since the absolute energy of 
A is less than that of B. 
For each species, the photoluminescence yield ΦPL depends on the dominant rate of 
nonradiative decay kNR compared with the radiative decay rate kR for the respective states in the 
usual fashion:  ΦA = kRA/ (kRA + kNR); ΦB = kRB/(kRB + kNR).  In the absence of accessible dark trap 
states and strong electronic coupling, the nonradiative decay route is thought to arise from 
phonon-assisted return to the ground state,
8
 while the radiative decay rate is only weakly 
temperature dependent.   We assume that phonon-assisted decay processes take the usual 
temperature dependence:  b (Exp[Eph/kT] – 1)
-m 
,
9
 in which b is an electron-phonon coupling 
strength and m is related to the average number of phonons of energy Eph necessary to assist 
nonradiative decay.  Under oxidation, a dark trap state X is assumed to form and compete for 
population from states and A and B, with the transfer rate kNR(B X) or kNR(A Y) following an 
Arrhenius form: d Exp[-Ea2/kT] or f Exp[-Ea1/kT], in which d and f are the intrinsic rates of 
transfer to the dark state.   The symbol Y could represent a new trap state or simply a different 
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path to populating X.  The temperature dependence of the integrated PL intensity IPL(T) is then a 
collection of temperature-dependent terms K(T) and kNR(T), weighted by the temperature-
independent relative radiative decay rates and normalized such that IPL(0) = 1. 
Combining these contributions, we can describe IPL(T) in one equation: 
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      (1) 
The two terms can also be thought of as the low and high temperature contributions. Since φA 
and φB are measured only relative to each other and not absolutely, the values of all parameters 
with units other than energy are known only relative to each other; however, capturing the 
temperature dependence of these parameters is the primary goal of this model. 
IPL(T) traces were initially fitted individually to Eq 1.  For all traces the variables Eph 
(4±2 meV), φB / φA (4.0 ±2), ∆G (23 ± 6 meV), a (1.3 ± 0.6), Ea1 (8 ± 2 meV), Ea2 (100 ± 30 
meV), b (0.14±0.04), and m (4±2) were found to vary by less than a factor of three for fits at 
different air exposure times, and lacked a clear trend with air exposure.  It is likely that these 
parameters are fixed by the NC material and size and should not be strongly dependent upon the 
level of oxidation.  All variables except f and d were then shared in a simultaneous fit of all 
IPL(T) data.  d varied significantly with increasing air exposure, rising abruptly from less than 10 
at ∆t = 0 to greater than 102 for ∆t = 10 min and continuing to increase to a value above 103 by ∆t  
= 39 hr (Figure 4.5).  The increase in d and can be visualized by the quenching of emission 
intensity for T > 150 K for all traces except ∆t = 0 in Figure 4.4A.  The parameter d is expected 
to be directly proportional to the concentration of the oxidation product X, and thus its 
significant increase with minimal air exposure suggests highly labile surface sites are present for 
oxygen to react or coordinate with and produce dark trap levels populated with roughly 100 meV 
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activation energy.  The less pronounced, but still 
noticeable, increase in d with prolonged air 
exposure suggests that a secondary reaction 
process, possibly involving oxygen attacking 
partially or fully passivated surfaces, occurs 
much more slowly.  At T < 100 K, additional 
quenching can be observed as ∆t increases, 
which is reflected in an increasing value of f.  
The population of dark trap level Y, with Ea1 at roughly 8 meV, is also correlated with increased 
air exposure, although at the longest exposures the frequency factor f decreases (Figure 4.5), 
suggesting that the formation of a thick oxide layer alters the likelihood of trapping to Y. 
  
 Figure 4.5: Fit parameters f and d vs. air 
exposure time on a logarmithic scale.  
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CHAPTER 5: 
CONCLUSIONS 
 
This work has considered the impact of several variables on the temperature-dependent 
PL of close-packed lead chalcogenide NC films: NC material, air exposure, and NC diameter.  In 
all spectra, two contributing emission peaks are observed, one that dominates at low temperature 
and another that dominates at high temperature. 
 The NC material used – PbS or PbSe – does not appear to have a significant impact on 
temperature-dependent PL.  This is consistent with another recent report of PbS and PbSe PL 
measured in solution at room temperature;
1
 there, any differences in photoluminescence quantum 
yield (PLQY) caused by the difference in anion were vastly overshadowed by the variation of 
PLQY with NC size.  Likewise, in our observations here, any minor differences between the two 
samples of different materials could be more strongly linked to the effect of band gap size. 
 After air exposure, high-temperature PL is strongly quenched, an effect that appears after 
only seconds of exposure.  Low-temperature PL, however, is much less affected.  The changes in 
PL and its integrated intensity vs. temperature as a function of air exposure are found to be 
irreversible, contrary to observations of air-exposed NCs in solution.
2
  This difference likely 
arises from differences in oxygen transport to NC surfaces (slower in solution than in air) and 
Pb-oleate ligand mobility.  The quenching effects of air exposure in NC films can be explained 
by the introduction of a new nonradiative decay pathway, a dark trap state whose concentration 
42 
 
increases with longer air exposure time.  The trends in integrated PL intensity vs. temperature as 
a function of air exposure are well-described by a phenomenological model incorporating this 
idea. 
The impact of NC size and band gap on temperature-dependent PL spectra is much more 
complex; differently-sized NCs exhibit very different PL trends with temperature.  Observed 
behavior is suggestive of a fixed-energy trap model, where one emission band is due to band-to-
band recombination, and the other is due to recombination between a Pb dangling bond donor 
state and the valence band.   A similar fixed-energy trap scenario was recently observed in ZnO 
NCs.
3
  Here, it appears that the donor level may cross the conduction band, effectively flipping 
which type of emission is the high-energy and which is the low-energy emission band.  This 
transition could potentially account for the low-temperature PL quenching observed in the largest 
NCs.  It appears that this transition might occur between 0.69 eV and 0.77 eV (between 5.2 nm 
and 6.0 nm diameter PbSe). 
Recent results have shown that electron and hole mobilities depend on NC size in PbSe 
films.
4
  Notably, the peak electron mobility was observed near 6.0 nm diameter NCs, which 
corresponds to the potential crossing point noted in our PL results.  In the common “hopping” 
picture of NC film charge transport, a reasonable concentration of shallow surface trap levels 
may provide an optimal nearly-isoenergetic situation, where carriers can hop between NC 
surfaces without having to overcome significant potential barriers.  The correspondence between 
the NC size at maximum electron mobility and the NC size at apparent minimum trap depth (in 
relation to the band edge) we observe is very suggestive, but not yet conclusive. 
One particular challenge in clarifying this issue is the reconciliation of optical and 
electrical measurements.  The results presented here were measured in close-packed, untreated 
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films, but such films exhibit poor conductivity, and electrical measurements are nearly always 
performed in films which have been chemically treated.  In turn, common chemical treatments 
can quench optical emission from films.  The type and distribution of trap levels is likely to be 
quite different between pristine and chemically-treated films, as seen here from the impact of air 
exposure.  However, future work will focus on clarifying the appropriate model for emission in 
these untreated films, as well as studying the PL properties of chemically treated films in an 
attempt to shed more light on the role of trap states in both emission dynamics and conductivity. 
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